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THE DESION OF RESEANCH AND DEVELOIMENT POLICY

MSTRACT - Q(A"24

Problema of research and development managers demand

a management laboratory for the design and testing of
new policlea. This loboratory approasch is now possible
based on the concepts and methodology of Industriel
Dynamics and on a new systems framevwork for repreasent-
ing projeoct life cyelea. The basea for a behavioral
mdel of R and D projectn are presented, as are some
rosults of the camputer aimulation studies of the
modol, Conclusions drawn {rom these investigations
suggest the fmportance of risk-taking and integrity

of R and D organizationn, and also indicate several
arcag in which government procurement policies seem

gelf -defeating. é%’//,//””//’
¢
_ The major problems facing regerarch and davelopment managers demand
a new approach to the design of structure énd policies of research and
development organiszations, These problems are manifested in the poor
pevformance indices of R and‘D projects., With regard to project costs,
for exemple, studles of weapon systemsl and spaée projeota2 have shown

that the ratios of final costa 1o their earliest eatimates indicate growth

' by as much an socvernl thousand percent during the project lives. Alang

with thene changes in costs have gone slippages in project schedules. A

RAND study of alrcraft engine prosuvements found schedules to be delayed

Py

A W. Marahsll and W. H. Meckling, "Predictability of the Cost,
Time and Success of Development", RAND Corporation Report, P-10821 (Decem-
ber 11, 1952), p. 22; M. J. Peck and F. M, Scherer, Ing;Wenggns Acquigi-
tion Process: fAn qugggig,Agg;xgig (Boston: Harvard University, Graduste
School of Business Adminigtration, 1962), p. 429.

2Thomae W. Finch, "Factors that Influence Changes in Cost and

Time Schedulen of Research and Development Contracts" (unpublished Master
of Science thesis, M.I.T. Schoo] of Industrial Manegement, June, 1962),
pp - 40"'/{1 )
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by as mucﬁ ag four yearg beyond initial delivery estimates.5 Lower product
quality hnb nlan often accompanied these cont and schedule slippages, and
nt times major veductions in performance apecifications have been necded
to permit on;tiﬁe'or within-budget project completions, These low indices
of over-r1l R and D effectiveness also appear in the rapid obsolescence
of new products, in particular our military weapon systems, and in the

high faflure rate of research and development efforts. A mahagement survey

of over tma hundred major compenies showed that two-thirds of their new

product attempta fail, while only one out of eight is successful in the
4

The needs for higher manngerial effectiveness that seem inherent in
the problemg cited are expanding rapidly. The basic problems have remained
wnaolved, while the substance of rcgearch and development hag greatly in-
creaged in complexity. This burgeoning product complexity is shown, for
example, in the number of electronic parts used in three succeeding "gen-
erntiona” of aireraft. In 1952 the B-47 contained less than twenty thou-
amd electronic components. Four years later the B-52 required fifty
thousnnd. And after another four years, the 1960 B-58 utilized about

5

ninety-five thousand parts.” Thus, in less than ten years, the number

X B
“Burton Klein and Wil)lem Meckling, "Applications of Operations
Research to Development Decisions", Qperations Research (May-June, 19%8),

“g. Wilaoon Randle, "Problems of R and D Management", Ha
DBuainean Review, Vol. 37, No. 1 (Jenuary-February, 1959), p. 128.

5John E. Hickey, Jr., "What Price Reliability?", Electronic

Industries, Vol. 20, No. 9 (September, 1961), p. 142.

1
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of componentn in relaetlively compsrrble weapon nynteﬁe leaped by a factor
of filve, Aot perbnpa more noteworthy than the mughrooming product com-
plexity ta Lhe fact that research and development has become more and
more crit]nnl.to onr way of life, 0Hnth government and industvy R and D
oxﬁqnditnrnu nre shonting sky-high in demonstration of this importance,
renchiog n total anoual rate of about aixteen billion dollars during the
current year and st11l rapidly accelrrating. This broadened spending
makes more urgent the need for solutions to the underlying problems of

the research nnd development induastry.

The Need for a New Approach

One grnaﬁ difficnlty in meeting the expanded demande is that the old
appronchen to R and D have not given better understanding of the policy
ngpeacts of tho busipnnn. In genera), the few improvements which have been
mado have bern limited to somewbat mechanistic gpproaches to budpeting and
achéduling. At the company level, devices such as PERT and Functional
Annlysis seem destined to command even more attention and financial sup-
port. Without queatioming the yet unproven effectiveness of these tools,

one should recognize that even if successful, they deal only with such

- thinga ag thae hages {or nchedules and reports. Theoy do not treat such -

fundnmental povernment, considerations as funding policies, profit rates
to he allowed on contracts, performance incentives; etc. Nor do they
nttack vital compony policy questiohs regarding risk-taking, bidding iﬁ—
teghity, project staffing, proposal strategy, resource allocatioﬁ to
varioua technniogies or to funded versus unfunded werk areas.

The demands for designing and experimenting with new policies and
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ofganizational forms in research and development thus cannot be met by
merely having more of what has taken place until now. Further technique
development alone will not solve underlying problems which stem from lack
of managerial understanding. The pitfalls to finding the needed under-
standing lie within the mode of R and D organization itself, in managerial
attitudes, and in the lack of effective. management research in industry
and university alike.6
Furthermore, requirementa‘for solving R and' D problems arising out
of.mistaken policies are of s different nature from those which have been
needed in the past.\ For éxample, a new technique, like PERT, may be at
leaat partly tested on one or more projects by being operated in parallel
with some other method of date collection, analysis, or presentation.
Results can be observed and compared, and judgments made as to the effec-
tiveness of the new method. But policy experimentaticn is far more dif-
ficult to attempt through parallel schemes. For instance, the company
which traditionally risks very little of its own funds prior to customer
contractual support camot, on a single project, eimultanequaly test the
effect of a policy based on the usual assumption\of high risks. The com-
pany which usually attempts to underbid its competition cannot at the
same time on the same project experiment with a changed bidding strategy.
Similarly, whén differences in managerial policies are the bases of

experimentation, trying two approaches on two different projects does not

6For a discussion of the reasons behind the generally poor
conceptual understanding of R and D problems, see the author's article:
"Toward a New Theory for Research and Development', Industrial Management
RBeview, Fall, 1962. :

L
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vwovik. In the firsf placo,‘nnch experimeptﬂl design 19 statistically in-
aoncluaive; second, it is swely not persuasive within or without the
organization; and third, such an approach is subject to all the difficul-
tice ariaing from lack of comparability of the task or staff situations.
Thus no new policy would be ndopted and implemented solely as a result of
such unconvinéing trials. Ferhaps even more difficult is that neither
thq government custamer nor the campany mannger of research and develop-
ment feeln justified in-encouraging experiments in managorial policy in
a lab or on a project in which he is interested or involved. The conse-~
queances of poliey chénge are potentially too great.

It is this potential impact of revised R and D policies which neces-
sitates the development of a workable approach to the design and testing

of new manngerinl idees. In the technical saspects of research and devel-

" opment, new designs have been developed and tested in engineering or

scientific laboratories. Wind tunnels, ship-towing tanks, scale models,

piloﬁ plonts, analog and digitnl simulators have all been used to check

Pplans and ideas for flaws before any mistake could pyoduce serious con-

neduencea. The success of theae approaches to product pre-test is dem-
onstrated by their increased utilizetion in nll engineering fields. The

concept of a manngement leboratory as a mesns for helping in the design

.and determinntion of R and D policy thus seems a logical next step. Here

‘T suggeat that the developmenia of the past {ive years, based largely on

T and on some new derivative

umifying principles of Industrial Dynamicé

7Jay W. Forrester, Industrial Dynamicg (Cambridge: The M.I.T.
Preas, 1961).
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concepts regarding the nature of research and developmenta, have mede

possible this new approach,

The Framework for a New Approach

To erect a new building, one needs a plan, the tools and materials,

and some gkilled artisans to carry through the construction. In an analo-

~ gous fashion, the development of a management policy laboratory for R and

. D requires a conceptual framework, tools end materials for filling in the

frame, and sble and interested R and D managers and management researchers
to carry on the required effort.

The basis for a plan of attack has been provided by the Industrial
Dynamics research program, started at the M.I.T. School of Industrial
Management by Professor Jeay W. Forrester six years ago. Industrial Dy-
namics emphaglzes the’information-feedback characteristics of all indus-
trial and economic activities and studies the means by which "organizat.ion
structure, amplification (in policies), and time delays (in decisionsc and
actions) interact to influence the success.of an enterprise.... It is a
quantitative and experimental approach for relating orgenizational struc-
iure and corporate policy to 1nduétriul growth and stability."9 The pro-
gram 1s based on the belief that top-level management probleﬁs are most
appropriately viewed frcm a framework of the dynamic system in which the

time-varying interactions of the industrial (or governmental) organization

: 8Edward B. Roberts, "The Dynamics of Research and Development"
(unpublished Ph.D. dissertation, M.I.T. Department of Econamics, 1962).

9Forreater, p. 13.
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agement as for investigating the areas of product and corporate growth.

-G

are manifeasted. Thus an Industrinl Dynamics analysis is not explicitly

~oviented to elther the functional or the departmental components of a

businesn. Rather it treats the underlying basic flows of men, money,
mnteriale, orders, and capital equipment, and the information flows and
decigion-making network which tie the others together, The philosophy
anrdl methodolopy of Induatrial Dynemics are as applicable to the single

project ae they are to the national economy, as sultable for studying

-algnif icnut problems of production-distribution systems and factory man-

10

What 18 needed ag a first step in each Industrial Dynamics study is

‘a apecific dynnmic theory of cauge-and-effect interaction which encompasses

the problem of interest. Such an hypothesis is now available for describ-
ing the 1ife cycles of resemrch and development projecta. A research and
development project consists of a set of underlying activities which con-
timously interact to produce the project histovy. The resulting actions
continuously feed back upon the oither decision areas of the project to
induce gtil) further changes, Al)l R and D projects contain the closed-
loop syétem.of activities pictured in Figure 1 and described bhelow.
1. The world aitgation is continuously changing with regard

to the need for new products (military,.industrial, and

congumer) and the technological.cgpabilities for obtaining

them. These changing faétors can be taken as inputs to Any

project system under consideration.

lnFor discnsaions of such applications, see Forrester, op. cit.,

particularly Chapters 15-19.
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Changing World of Work Progress.e. Campletion
Situation / <\Of the Job

Perception of Need Acquisition of

for the Product and Evaluation of'
: People and Other
Estimate of Product Pronroject Resources
Value '
Estimationéz Fim's Investment of

Customer's
of Effort Funds Commitiment
. \ of Funds

Estimation of Cost

\‘agquest for Custamer

Support,

Figure 1. Dynamic System Underlying
: Project Life Cycles

2. Potential customers of new products and firms in the business
of developing them are continuously engaged (consciously or
unconsciously) in activities aimed at perceiving the need
for and potential market value of new products.

3. Along with these Val_ue--percept\ion activities, the customer

| and the fimm both‘ conglder the technological feasibility of
the product development effort, and estimate the manpower,
materials, facilities, and equipment needed.

4. Based on this effort estiméte, the customer and/or the £1m
attempt to judge the total cost of the program.

5. The firm now has two parallell alternatives.

a. First, it can submit to the customer a request

for financial support. The customer evaluates

b e ot s B T T
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this requent by camparing the egtimated product
worth with the estimated cost to complete the
project. If he resots favorably to the {im's
requeat, the customer will commit funds to the
project ofter a long delay.

h. In its alternate path of action, the fimm invesis
its own money in the project. This decision in-
volves risk, asince the fim ccmm;tsbits own funds
before the customer makes such a commitment.

" Either or both of these parallel paths provides
money to the project.
As the project group obtains funds, it begins to hire or

reassinn engineers snd supporting manpower.

. These employees accomplish progress on the job. Their rate

of acconplighment reflects, among other factors, the magni-
tude of the manpower effort, the technological stote of the
art, menagerial influences on productivity, engineering ex-
perience¢ on the project, and inefficiencies due tn organi-
»ational growth.

Roth the custcmer and the firmvcontinuously attempt to as-
sess the progress. They evaluate the state of job completion

by comparing their current interpretations of the results

‘nocamplished to date with their current perceptions 6f the

end resultn deslired.

. Continuing progress evaluation creates new estimates of work

yet to be done on the project, which feed back into the
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cloaed-loop procens already described. New evnluétiona are
continuously belns made by the fimm, as to ite appropriate
Investment rate in the project, and by the customer, asg to
possible modifications of the project programming and sup-
port.
This continuing cycle of sclivities taken place throughout every
vroject‘lifn, leading in each cnre to eventual campletion of the job or
to cancellation at some point prior to full completion. Major events may
tnke place at various intervals scattered throughout a project life, and
chanped egtimntea and evaluations may formally appear dnly in periodic
repofte. But the increments of progress and change, real and obgerved,
take plnce_continuousl& in the meoner described. The activitles included
within thia dynamic e&stem contain the possibilities of producing the
fvll range of observed R and D project 1life histories: on-time or late
campletion, éﬁstaner sfretch»out or acceleration of the project schedule,
anliasfactory performance of Job cancellation can all result from the system
interactions. Moreover, these various results, and the system which under-
Jies them, ore observable not only in government reeearch end development
projects, but also in cammercial new product ﬁevelopment programs. Thus
the dynomic sysfem structure gshown in Figure 1 can be applied to investi-

gntion of manpgerial policies in all forms of R and D.

The Tools for Progress

With the framevork provided above, we are now ready to specify the

methods and mnteriale to be used in developing our R and D management

lahoratory. For such a laboratory we must be able to represent effectively
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the research and development organizations and have the facility of ex-

perimentally modifying the represented structure and policies. The In-
dﬁstrial Dynamics program has developed the methods needed here. Its
techniciues for drawing flow disgrams and writing equations which describe
orvganizational systems can be applied not only to studies of fluctusting

behavior in manufacturing-oriented businesses, but can also be used to

~ investigate evolving and ever-changing R and D organizations. The diffi-

culties in applying the methods to research and development arise from
our more hazy tmderstandingé of what is taking place in an R and D or-
ganization and from the less tangible variables which we must treat. But
it i1s still possible to represent pictorially the effect of optimism on
cost estimates, or the effect of risk-taking propensity on project invést-
menf decisions, in tl_lé seme manner that we can show the relationship of

inventory stocks to a reorder decision. The equations for such represen-

‘tations are similarly feasible. These flow diagramming and equation-

writing techniques will therefore permit representation of the R and D
problems.

Once represénted; such systems require study by alteration of param-
eters and policies in search of both understa‘nding and more effective
management approaches. Here, too, the Industrial Dynamies research pro-
gram has provided the needed tools through the DYNAMO digital computer

1 DYNAMO is an autamatic compiler and simulator for

simulation systenm.
the IBM 704, 709, and 7090 computers which makes easy and inexpensive the

multiple simulation runs that are required. The camputer system .permits

11y exander L. Pugh III, DYNAMD User's Manual (Cambridge: The

M.I.T. Press, 1961).
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valuable payoff by making the feedback of theory-test-results-theory more

" Jmmediately available, thus allowing redesign of hypotheses and gradual

eynthesia of the findings. The DYNAMO computer program was initially used

for studies of production-distribution gystems but is readily applicable

to all continuocus dynamic system problems.

The third contributing basis for progress in e research and develop-
ment management laboratory is not a result of Industrial Dynemics work.
Rather it is the body of knowledge and understandings of parts of the R
and D gystem, which knowledge is represented in the published literature
and even more so in the minds of R and D menagers. The literature gener-
ally refers only to the know-how on individusl segments of the broad
picture, but when the individual pleces are meaningfully treated, they

supply potential for system integration. The experiences of the managers

relate not only to the pieces separately, but to their interrelaticnships

as well. Thié potential guidance is available for collecting material on
the eubstahce of research and development management problems and for

assembling the material on the framework discussed earller.

The Need for Management Experimenters

4We initially suggested that to carry out a management laboratory

apprdach to the design of more effective R and D policies, three elements

" would be nceded: a framework, the tools and materials to put on the frame,

and the craftamen to carry out the job. The first two elements are now
available -- only the people are lacking in number. But several R and D
monogers have already begun preparing themselves for this new managerial

role. Several members of the M.I.T. School of Industrial Management's
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3lonn Program in Executive Development, and same of their companien, have
tnken first atepn to develop copabilities in the R ond D manogement lobora-

Lory nppronch:] As part of their thesin regearch progirams, these mana-
¥°Ts, on one-year leaves of absence from their organizations, have examined
project mﬁnngemcnt problrma ag well as aspects of R and D resource ailo-
eation, mnnnprm"nf of protuct-line diversification for corporate growth,
and corpornte Ieva1 problems with decentralized leboratories. The re-
srarchore in theae areas have come from responsible manngement positions
in such componies as RCA, Boeing, IBM, Hughes, and Chrysler, as well as
frem government agencieg snch as the Alr Force and the Navy.

The requirement Cor qualified people to conduct such innovative in-
veatipationa is vital, but need not lirit any research and development
orpanization from going ahend in this aren. R and D menagers are them-
aelven often ideally sulted to undertsoke this work. Mnuy have engincer-
1né bnckerounds with gervomenhaniema, chemieal process coutrols, or ¢lec-
tronie information-feedback systems through which they heve developnd
strong intuitive gresps of the nature of system behavior and of principles
of systemn design. Meny have carried‘out simulation studies wlth physical
ayatems and ere awvare of the insights to be énined from carefully thought -

out and exceuted model simuintions. And, most important, as mansgevs

thoose men have toackled and heen confounded by the complexities of R end

12Tho firgt Indugtrial Dynamics study in the area of research

and development waa o theais by a Sloan Fellow from RCA: Abraham Katz,
"An Operationg Anelysis of an Jilectronic Systems Fimm" (unpublished
Master of Science thesis, M.T.T. School of Industrial Management, 1958).
Thig work was described by Knhtz in his artiele, "An Indusgtrial Dynamic
Appronch to the Manngement of Research and Development", IRE Transactiong
on Enzineoving Mansgement, Vol, EM-6, No. 3 (September, 1959), pp. 75-80.
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D wonogenent . Thug they come prepnred with understanding of both meth-
odulogy nnd problemn, What they require is ‘the encouragement of top men-
agewont which §g willlng to exercise the same patience with managerial
policy deaipgn as 18 practiced with physicel product deéign. I{ managed
ﬁrnperly, the improved R and D policies can produce payoffa that dwarf

the returng fram any product innovation.

A Model for Tentlivg R and D Policy

To demongtrate hdw the proposed laboratory approach might work, we
shall consider a set of mpecific hypotheses to the ihitial dynamic systemgs .
fremework (pictured in Figure 1), and fram these develop a policy-oriented
model for atudying project management problems. At this point it is not
really important whether or not each hypothesis is completely validated
by data collection and analysis. Alternatives to any one of the hypothesea
might be offered, bégnd upen a particular set of company R and D experi-
ences or orlented to the study of a specific poliey area. What is impor-
tant is that each hypothesis be plausible, that the set appear realistic,
qnd that R awl D mannrers be willing to accept the whole model as reason-
ably reprenemmnfive of some R and D sjituations, if not of their own cases.
When this is eccompliched, then the general usefulness of the laboratory
nrppronch to policy design can be dcmonstraiad, Each organization would
need only to change the model to be descriptive of its own experiences
and problema. |

The aasumptions which follow sprl). out the relationships wiihin each
flow path éfAthe Figure 1 system as well as the interconnections among

these patha. The hypotheses are based on generalizations derived from
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the literature, personal experience in research and development organiza-
tions, and digcussions with many R and D managers in industry and govern-

ment over a four-year period of model evolution.

The Changing World Situation

{
!
;
{
3
|
|

' Two underlying factors provide the dynamic context within ;vhich every

research end development project is carried out. They are the bases for

the ;value and cogt of the product development et‘fdr@. v The first of these

is the intrinsic product value, the real usefulness of a potential product

. at any point in time, whether recognized or not. The underiying useful-

ness of any particular product varies over time. Prior to some point in
time there is 1ittle or no need for a product. This need may increase,
in the military product market, for example, as world tensions in a given

areé increase, and leter decrease as the product's usefulness begins to

_diminish. The need for a product is illustrated by a cuﬁve of the type

shom in Figure 2. The gradual rise, the period of relatfivelygunchanging
mature value, followed by the decline into obsolescence, is characteristic

of all pf_oduct life cycles, and reflects the changing woﬁld aii;uation.

INTRINSIC - = ,,:
PRODUCT VALUE Lo - |

Figure 2. Time-Path of the Underlying Need for a Product

~ - Py B S SR S Rl Y L S
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The second fuctof which underlies ail projects is the changing re-
quirement of project effort. The intringic asize of the Job, i.e., the
gcope and complexity of the product design and development task, may re-
main unchanged, but the potential effectiveness of the engineers working
on the project changes as the technological state of the art advances.
Figure 3 i{llustrates two hypothetical curves of technologicel growth.
Each corresponds t{o a different changing world ‘situation of the know-how
thet is available for application to an engineering effort. With thé

added know-how comes increased téchnical effectiveness and hence decreased

 eost of the gffort.

TECHNOLOGICAL
EFFECTIVENESS

A

%

-~ o —
"‘—

i

'
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, .
/
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\

Figure 3. Comparative Curves of Technoiogical'Growth.

~ Teking both of the bagic inputs into acecount, we can easily recognize
the importance of the value-cost relationship in R and D. Figure 4 pre-
sents the implicatipna of the two concepts. A job undertaken too soon

will get completed at a cost which is exéeseive for the value derivable

. from the prbduct. Too late a completion leads to the same problem. But

, 6 real source of monagerial difficulty in R and D is that neither of the

two curveé pictured in Figure 4 can be known by the manager, nor can the

P N
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PRODUCT VALVE
AND CQOST OPTIMUM

/

INTRINSIC

Figu;'e 4. The Relationship of Product Value to Cost

optimum cost be attained. The mensger in both industry and government can
only estimate the value and cost situations, and as pointed out earlier,
his performunée 4s not very good in either area., But this brings us to

‘the second link in the R and D systenm.

Perception of Product Value -

The initial organizational behavior aspect 10 consider is the recog-

" nition of the need for and value of a poteptiai product. In all R and D

companiles ay ieaat a few engincers or scientists are engagéd in activities
1o develop new product opportunities. The people who conduct these studies
may be part of a research iaboratory, an advanced projects group, or a
preliminary design eectic;n, or they may Jjust be regular members of the
enginecring téam looking into the extensions of some product ideas beyond
the current contracted projects. These activities result in insights
which aid the pepe_gt;t_o_n of the need for and, iralue of a potential product.

The recognition of product value is thus prinmarily influenced by the
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developing technical know-how of the organization.

| But deoieiém on R and D projects are not based on the believed
euyrrent value of thé product, for the product is only a potential one

and docs not presently exist in the desired form. Estimates are neceasary
61‘ the future value of the product at same time by which the organization

belleves the product can be developed. The estimate is therefore influ-

enced by the organization's willingness to accept risk by cammitting it-

gelf to uncertain future possibilities. A few firms base their research
programs on demands which they expect ten years in the future; others are
afraid to "venture beyond their front pastures",

Egtimation of E;‘fort and Cosat

Considerations of research and development undertakings are in part

based on estimates of the effort which is going to be required to get the

Job accampliched. This effort estimate in turn represents the cambination
of an eatimate of the job size and camplexity with the organization's
eétimate of the technical effectivenass of the engi_neers who will be
performing the work.' Early estimates of the scope of the job are influ-
enced by three factors: (1) the relationship of the previocus job-gize

- exparience of the organization to the current project's intrinsic aize;

(2) the general tendency-to underestimate the job size; and (3) the over-
all managerial and te'chnical capabnity of the organization, which affectis
tho degree of error in the estimates. Revisions of the job size eatiniates
during the project life stem principally from rééognitiom that tfxe work

is not progressing according to schedule.

The early estimates by either customer or firm of the relevant
/ .

L
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technical effectiveness of the engincers refleoct the organization's op-
timivam and confidence in the fim's engineers, the recent recognized state
of the art, and the organization's ability. The estimates of effective-
ness are revised during the project in response to both realized and an-
tlcipated further technologicel develomezifce, and by gradual correction
of errors in the earlier estimatves. '

The cost estimates are readily derived from the effort estimates by
applying as mult;[plier an estimated monthly cost of support for each en-
gineering man-month of wérk believed required.

Request for Custamer Support

During the early part of the project, the firm seeks customer support
of its cun:e:nt regearch activities in the project area. But as the fim
begins to feel that a larger-scale undertaking is warranted, it will re-
quest funds for a full development project. This feeling of timeliness

may result from the customer's request for proposals on the project, or

it may stdm from thé fim's own opinion that the cost-value relhtionship

of the project will soon be deemed suitable by the customer. In either

case the fimm will present to the customer an estimate of costs which

reflects not just the fim's own internal estimate but also its integrity.

" Most firms oconsciously understate the expected costs of the project in

their attm;ita to win project support. Should such a fimm receive the

contract, f{ts requests for revisions of the level of customer support

during the project will reflect not Just the expected cost overruns (or

underruns) but will also be influenced by the fimm's integrity. For

example, the f£im will not, immediately after receipt of the contract,
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request a major contract revision, even though it may realize that the

cogte are serioualy underestimaied.

Custaner's Cammitment of Funds

The customer's conaideratlion of the suitability of the pro‘joct takes
into account the expeoted cost and value of the project outcame. The |
deciaions are based upon figures anq opinions which rerlect' a qombimtion
of the cuatomei"e own prior cstimates and the estimates presented by the
firm. The ocustoamer's confidence in the firm detérmines the extent of
influence of 'the firin's bid. The customef has more pmjects .to support
than his available funds will permit. In sddition, previous customer
experience leads him to expeet that the final project cost will be greater
than the inttial estimate. For both these reasons ﬁxe customer will not
invest in a project until the expected value is much greater than the
expected cost. The value-cost ratio will influence the customer's enthu-
siacm for the project, which in turn will affect the level of allocations
vhich the customer egtablishes and gradually releases for‘pro,ject use.,

During the project life the oustamer exerts control pressure on the
firm by altei'ing the rate of fﬁnding available -~ gstretch-out or accel-
eration is effected by reducing or increasing the funding rate. Cancelles-
tion and ¢rash programs are merely the extremes, respectively, of this

gtrotch-out and eacceleration process.

Firmn's Investment of Funds

Before becoming able to get custamer support of its efforts, the

£im usually has to sponsor some work to build up its own capabilities
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and underatanding of the project problems. In making a decision to invest
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in an area of work, the firm estimates the likelihood of eventusl customer
support of a full-scale project. The firm then tries to estimate the
profits it would derive from such a project, and it is willing to invest

a fraction of those expected profits. This fraction depends on the risk-
taking propensity of the firmm. The fimm allocates the funds it is willing

'to invest over a period of time, thus establishing a desired rate of

spending and, consistent with this, a desired level of engineering effort.

,Aoqnisitionrof People

Based on its own or the customer's expected funding, the {irm hires
or reassigns engineéra and supporting manpower to bring actual employment
in line with the desired level. This takes place continuously throughout

the project, requiring several months whenever recruiting is needed. New

- engineers an the prbject require training‘br at least orientation by the

more experienced engineers on the job. As the job nears campletion (or
as funds are withdrawn), some of the engincers are transferred from the

project (or, reluctantly, fran the f£imm).

Accamplishment of Work Progress

In making progress on the job, the engineers work with the available
state of tedhnology; The engineering effeotiveness in utilizing the state
of the art 1s iInfluenced in general by the over-all managerial gnd tech-
nical ability of the firm and by the build-up of on-the-job experience
during the proJéct life. In addition, of course, the progress rate is
affeoied by the number of engineers working on the project and their
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deployment sg trainoés, trainers and managers, snd full-time éngineers.
The size of the organization may also affect the efficiency of engineering
utilizaiion.

Evaluation of Progress

‘Bascd on the believed job size and the believed effectiveness of the
engineers, both custamer and firm foma estimates and schedulea'of the rate
of progress., Errors in these estimates gradually cumulate and produce
presaures to revise the earlier beliefs. These pregsureg become more
influential as the project gets to its late steges, when physical indice-

tions of real progress begin to show up.

Tranzlating the Verbal Model into Mathematical Form

The foregoing descriptiions provide a set of verbal hypotheses for
each flow within the research and development system. This task is more
difficult and more important than the mathematical equation-writing which

can follow it. [ram the verbal statements alone we can trace through

gome of the implications of various;. custamer and firm policies. The

mathematical model, however, permitalthis more readily and more exactly.
To develop fhe equations, each defipitive verbal sentence mugt be trans-
lated into mathematical form. .The equations then constitute a precise
statement of the relationships that are believed to control a typiecal
research and development proJecﬁ. As a demonstration of the method,
equations which represent the sccamplishment of progress on the project

are developed in the appendix to this article.
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Results of Model Simulation

The completed model of research and development can be simulated on
a digital computer to produce project time histories for the particular
input conditions and policies provided. The model contains about 250
variable equaEions and an additional 135 constants and 1niéial conditions.
Theae describe the causes of actions by both customer and firm as well as
the characteristics of the product. Calculation of the values of these
equations at successive time intervals produces the life'cycle of the
research and development project being aimulated.‘ Alteration of any
system parameter or policy will produce chpnges in the project life cycle

which can be detected through use of simulation studies.

Basic Project. .Dynamics

We shallhnow di;cuss a typical project'histbry as it evolves from
the computer ;1mulation. The project is siﬁilarwto a large number of
government R Qnd D uﬁdertakings, requiring from 600 to 3000 man-years of
engineetingveffort, éepending on the state of the art advances which can be
utilized and ;n the Sver-all ability of thé!firm's management and engi-
neers. This ;ffott féquirement indicates pfoject costs between 18
million dollafa and 90 million dollars, a range covering such projects
as a new highly.advanced computer syste@ for the Atomic Energy Commission,
a radar-control center for airpoft traffic for the Federal Aviation

Agencg,@ smali jet ehgine for Navy helicopters, an air-to-ground missile

. for the Air Force, or a satellite communications system for the National

Aeronautics and Spacé Administration. These'and the simulated pro-

ject all relate to areas in which the relevant technology is rapidly
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advancing, the need for the product is changing as times and cirecumstances
change, and both the firms and customers involved have earlier expericnces
with each other and with at>lcaat somcwﬁat similar types of undertakings.

The entire project history is pictured in Figure 5, which deplets
the projeet }ife eyele frem several points of view. The curves shown
here are actual outputs of the computer simulation. These results have
been generated by the interactions of those policies of the customer and
f1im that were described earlier. The graphed data seem to correspond to
our general notions about the dynamic behavior of researeh.and development
projects. For example, the cyclé of the produet value phenomenon is
clearly visible: the intrinsic product value, which is ‘the principal
input to thermodel run, grows, levels off, then falls graduallj 10 zero;
In partial re¢sponse:to this, the perceived current value of the product
legs the real value:throughout the 1ife cycle; the estimated future product
value legs at flrst; then rapidly advances, overshooting the real value
by allnrge factor, finally falling back toward 2ero. This relationship
betweenlthe behaviors of the real and the believed product value is an
important chgracteristic of all R and D projgcts.

Another:vital phenomenon is the changing curve of estimated project
cost. Startidng very high relative to product worth at that time {lack of
technical feasibilidy implies infinite costs), estimated effort and cost
on the project gradually fﬁll with the rising technological state of the
art. As expected costs fall and perceived product velue rises, the firm
hires (or asbignsa) more engincers to the project area. When the cost es-
timate 15 sufficiently low relative to anticipated value to attract the

customer's support, the project moves into a full-scale development program.
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The reoulting intrense in engineering effort tends to stabilize the earlier

decline in estlimnted cost ag the {imm beging to fornm a more realistic im-

' © preoslon of the renl magnitude of the job and of the effectiveness of the
ongineere. Cogi estimates gradually rise during the remainder of project

n o 1ife, with final costs about 20 percent greater than those expected during

the eurTy ﬁrcwth phase of the projerct.

The curve of engineering employment oﬁ the project also shows the
rise and fall in the life cycle. For a long time only a single engineer
ia working in the product area. This effort level is so amall relative
~to the loter engineering activity on the project that it does not even
show up on the graphed simulation results. - Then the engineering employ-

. ment curve shows the gradual growth that takes place as the firm invests
more of its own funda'in‘the project area. : As the project receives cus-
tomer supports the steff grows steadily and: evertmore rapidly, tapering
in its growthsonly as the project nears completion. The last phase of
tbe engineering curve shows the period of transfer of engineers fram the
project to other areas, The more jagged curve of applied engineering
effort on the project takes into account the psual holidays, vacations,
and absenteelsm of engineers assigned to the job. This curve more closely

; _ regembles the,curves of engineering effort which are occasionally pub-

1ened.>? | |
The last,curve in Figure 5 shows the realvcumulative percent completion

A

15For examble, see the IRE Transactions on Engineering Mongpge-
ment, Vol. EM-8, No. 1 (March, 1961). The illustrated simulaiion results
) resemble the plots which appear on the cover of that issue; simulation
. curves produced using other parameters or policies appear to be more
similar to the data shown on page 5 of the publication.

! i
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of progiess on the project tesk. This curve is hardly visible for meny

momthg of the projeet life cyele. During the embryonic phase of the proj-
oot 5 \1;; to about month 70, the porcent of project campletion appenrs to
have a sero valua. Only as the project uctivifiea enter their early growth

- ? phage d§e3 project ascamplishient begin to appear on the graph. In yart, .

| this is migleading. For altbough the engineering output relative to that

needed for project completion (this {s thc concept plotted) was elmost
nonexistent during the entire period of time, scme very essential achleve-
ments had elready been accamplished, Thege achievements were organiza-

tional or conceptual in nature: (1) the engineering staff had been in-

cereaged to form a nueleus for the project expansion; (2} cost estimation

on the project hnd been firmed up; and (3) funds had been allocated by

<:>' the cuntomer,» Theseiachievements were all vital to the project, bult none
. of them cen he directly related to the elements of engineering needed to
- finish the preduct development. In addition, these achievements all took

place prior to the large expenditures of effort o funds which characterize
{the "formal" ‘beginnings of a research and development project. The "pre-
conditioning": phase of a project life which prececdes the larger-scale
effort is much longer in time than the high activity phase of the project.
But manngers or management researchers who ignore the existence of this
earliecr phase of @ life oycle are forgetting the very sources of the en-
tire project concept and e#ecution. .

Frcm month 100, the project engineering tagks are graduslly accoam-

-
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pliszhed, and the percent completion rises correspondingly. About 80 per-
» cent of the effective work on the project is done in the last year and

: one half of the project 1ife (from about month 105). Thé work was actually

4
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belng tranaforred from the project.

cempleted In ;n:nth 122 and some extras added while the enginecrs were

Prior to month 100, by which time full-scale activities were under

way, only about 300 cumilative mon-years of engineering effort had been

“Invested out of the 1395 man-years ultimately needed for campletion. From

that time, an additional two years were neéded to finish the projecti work.

When the job was finally completed, the oustomer was dissatisfied, feeling

“that the costs hod exceeded the product velue and that the product was no

longer particularly useful, ‘S,uéh is often the case in military research
ond development undertakings.

The canpuier results demongtrate the plausibility of the hypothesized
model. With such a model (or with en alternate model, if preferred),
managers cmin’oegin to determine experimentplly the effecis of changes. in
;':l\n1~ac'terist;l¢cs of the product, customer, or fixm, or in the policles of
the customer or firm. Some results of such simulation experiments with
the model are now described. "

X "
The Case of the Conservative Fimm

Too oftén the problems of research and development are blomed on the
conplexitiealof the 'product, rapid changes in téchnology or in ihe cam-
petitive situation, 'or on faults in customer planning. or decisiaon-making.
To be sure, such factors are significant in detémining the outcames of
R and D pro,jiécta, and a:imulétion studies related to these aspects could
have been discusced here. However, the policies and practices of organi-

zotions actually doing the research and development work also vitally

influcnce project success and failure and are more directly contirollable



O’.

Ly R nond D managers. For example, one characteristic that distinguishusn
between R ond D £irmg is the relative optimiem or pessimigm, speculative-
nasg or counzervatism of the firms. Thié attitude or policy of the firm
not only Vinses its estimates of future product value, technological
progress, and enginéering effectivenecas, bui aléo importantly influences
the amount of funds the firm is willing to risk as a project investment
before the customer provides substantial support.

The firm involved in the project pictured in Figure 5 had a high
rigk-taking propensity. To illustrate the effects of conservatism on
projéct dynamics, the basic simulation was rerun, with the only modifica-
tion béing that themodeled firm wag conservative instead of gpeculative.
The new resulis qreashown in Figure 6., The changes are obvious. First
to show up .ia the fact that the firm’s estimate of the future valuve of
the product falls far short of the more speculative estimate in the Figure
5 project life. This lessencd expected value makes the project far less
attractive to the fimm with smaller expected profits. Furthermore, the
consorvative . fim is unwilling to risk much of even these expected prof-~
its, v:niting‘,instead for the customer to provide {inancial support. This
policy retardé the growth of an engineering team for the project, con-
tributes additional.delay to the customer's funding, and significanjtly
sluws projec} progress. By month 122, the project had been canpleted in

the earlier mimulated case; however, by month 122 in the present project,

~ the customer has becane gufficiently dissatisfied that he has already

begun cutting back on funding in enticipation of projeet cancellation
within the next gix months. By month 130 engineering on the job has come
to a halt with only 75 percent of the task completed.

"
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Thus, in this particular case the fim' 8 policy of congervatiam
actually coused the failure of the job and the waste of the 34 million
dollars that the customer had already spent on the effort. Under other
project ciroumatances perhaps the conservative epproach is the more ad-
vigable polic:y for the fim to adopt. The power of simulation is that
it permits study to determine both the likely results of various policies

and the conditions under which i)articular policies are preferable.

The Case of the Intentional Low Bldder

~ At time% compa%y "optimiam" geta to e?uch B;l extreme, particularly
with renpectg to cost and effort eatimatea‘sutnnﬂted as part of R and D
proposale, that the estimates realiy refléet intentional low bidding. Many
campanies ar® led td underestimate projeof costd in their aftempts to get

awards of R fnd D cbntracts. Under Cost Plus Fixed Fee (CPFF) contracts,

_the fimm is hot penelized for the resulting overruns on project costs.

However, as f?igure % :Lllustrateb , the firm's poiicy of intentionol costi
underestimation, encoursged by the CPFF practices; has significant ef-
feots on project dyhamics, and through these on the firm and customer too.
The simulated project life cycle pictured-on the next page ‘evolved from
the basic situation portrayed in Figure 5, the 'only change being in the’

degree of integrity of the firm, affecting the cost estimates it submits

- to the customer, The smaller initisl contract ‘size induced by the low

bid couses a rate df engineering effort much 1<§faer then what is really
nceded. This leads to a considerable stretch-out of the pro,jec"c , with
attendant fluctuntibns in the size of the i'eng:h{eering' effort during the

project. The project ia finally completed at month 145, about two years
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Effects of Low Bidding Practices
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after the completion date of the original simulated project. Though less
money is opent by the eustamer in this project (the glover growth ic more
efflcient nnd the engineers also take advantage of some later developmenfs _
in the gtate of the art), the custamer 1s still far less gsatisfied than
in the original project due to the much delsyed project completion. In
uddition,'the.cuatoﬁer is upset Ly the almost 100 percent growth in proj-
ect coste from the firm's initial bid to final éompletion. The fimm
nuffers too aa.é result of its own poliey; not only do its reputation and
relationships with the custamer worsen, but also the firm‘'s profits are
5 percent lower than in the original project Btudied. In many projects,
however, the-ccmpany~ﬁith low bidding integrity does inorease its profits
by followingithis polfcy. Again, these results ‘highlight the need for
further simulation studies of R and D policles in different company-
cugtomer-product sijuations .

" _ . g

The Self-~Defeating Nature of Government Policies

The two case examples cited in Figures 6 and 7, when supported by
other more thorough simuletion studies, high;ight same interesting con-
flicts within government R and D procurement policies. The computef re-
sults eonvineingly demonstrate that high risk-taking propensity as well
as a high degree oflintegrity by the fimm very favorably affect the out-
canes of restarch and developnent brojccta, i.e., from the custamer's
point of view. Greater compuny willingness to assume risk and invest in
potential projects, for example, gets joba,finiéhed sooner for those which
do reach comﬁletion; and pusheé progress to a further point even for

prejects which are eventually cancelled. However, under existing govern-
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ient moniracting practicen, neither high risk-taking nor high integrity
ave profitable to the fimm. The cuipany assuming grgater rigks almost
always suffers, at leest in the short run; the company exercising greater
honesty in bidding reduces its individual project profits as often as it
gaing. Thug the policies followed by the goverrment seem to influence
ccurpenies to adopt practices which are counter to the government 's beat
inlerests. The responsibility for the resulting poor performance of R
and D contracta'ean, to this extent, be laid in_tﬁe wovernment's own lap.
A changed philosophy, matched by revised procurement policies, can thus
benefit both the R and D companies as well as the effectlveness of the
nation’s research and developmeni program. In this area a monagement
gystems laboratory offers great poteniial as a means of studying the
design of improved policies. Even a small gain in effectiveness so
achieved would mean;nnnual ?ost savings or.perfo. nance improvements in

the order of hnndre4s of millions of dollars.
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Appendix: Mathemoticol Medel of Engineering Productivity

As an illustration of the equation-writing techniques, we describe
here the cquations for the engineering productivity sector of the R and
Ii modtﬂ..l-" For cage of identiflcation these equations use variable names
covreaponding, closelsf.to the usual Englisgh deserip'tion. The {ime notation
for the equationa, plctured in Figure 8 below, is similar to the tradi-

tional difference equation subscript notation, but 1ls writtien in a manner

immediately admisaable as input to a digital camputer.

)
t

Most
' Recent Next
Interval Interval
«JK KL
( : . >
PAST PRESENT FUTURE TIME
t-1 t $+1 i Traditional. Notation

Figure 8. Time Notation

Let us start the model description with an equation which indicates
the level of existing project Imow-how as the accunulation of all previous
engineering prodtxcti;/ity on the project. The equation bélow atates that
the total effective effort put into the job up to the present time, .X,
equals the total effort at the previous time, J , plus the change in

total effective effort that has taken placé between tiﬁxe J end time K.

J'/'This sector is more fully developed in the author's disserta-
tion, pp. 266-273.
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"KLEVF . EnKLEVF . J+(DT} (ENFRF.JK) Eq. 1

KLEVF--Know-how LEVel of the Fim (effective
: man-montha of effort)

DT --Delta Time, the timemnterval between
golutions of the equations (months)
ENPRFP--ENgincering Productivity Rate at the Fimm

(effective man-months of effort /month)

ENPRF.JK indicates the monthly rate of effective engineering effort which
occeurred during the time interval from J to X. DT 1s a conatant which
the model user supplies to DYNAMO to specify the length of the time in-
terval between calculations of the valueg of all the model equations.

The gecond équation vhich we shall write describes the englneering

productivity rate, determined at the present time, .X, and persisting

ENPRF . KLuw (RPEWF . K ) TEEF . K) ) Eq. 2

ENPRF--ENgineering Productivity Rate at the firm
.+ (effective man-months of effort/month)
RPEWF--Relative Productivity of Engineers actuslly
" Working et the Firm (effective man-months
of effort/month
TEEF| ~-Technical. Effectiveness of Engineers at
the Fim (percent effectiveness)

until redetexrmined at the next point in time, .L. The equation shows

enginecring productivity as the product of the relative engineeying ef -

fort belng applied and the average technical effectiveness of that effort.
Eéuation‘j rep%esents the average technical effectiveness of the

applied enpineering effort as the product of three terms: (1) the basic
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level of effectiveness which derives from the avallable state-of -the-art;
(2) the additlonal benefits to produetivity resulting frem project exper-

ience;.and (j) the modifying influence that stems from the over-all level

of quality of the firm's manegement and engineers. The use of this auxil.-

iary (helper) equaiion simplifies the cariier equation for ENPRF, and

TEEF. K- (ATEF .K) (BEPIK.K) (QF) Fq. 3

TEEF ~-Technlical Effcciiveness of Engineers at
the Fiva (percent effectivencss)

ATEF ~-Avoilable Technologlical Effectiveness
at the Firm (percent effectiveness)

BEPIK~-~Beneficial Effect on Productivity due to
Increased Know-how (percent)

QF  -~Quality of the Fimm (percent)

separately labels a concept of significance in the system, here the tech-
nleal effectiveness of the firm's enginecers. Had we wished to meke Equa-

tion 2 slightly more complex, the auxiliary equation 3 could have been

~eliminated by directly substituting into ENPRF.

In the_research and dévelopment model, both ATEF and QF are defined
in gectors other than engineering productiﬁity. We shall similarly wsit
their inclusion here. The effect of project experience, however, will
be indicated next. Iigure 9 depicts the relationship which we believe
vepresento the benefits to project productivity which result from earlier
project progress. The curve indicates the belief that the new specific
knowledge developed in solving the R and D project problems can éupplement
the generel skills and understandings of the engineers, Increments to

engineering effectivencss are shown as being larger initially than later,
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gince the nunber of engincering problems yet unsolved on the project de-

crecses an the project pirofresscs. This lessens the likelihood that new

7 BEPIKR = = = = == ~ == = S
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Figure 9. Effect of Project Achievements on Productivity

project accomplishments made late in the life cycle will find still further
use on this project. Thus the curve of Figure 9 continuously increases,
but at a decrecasing rate as the project achievements cumulate.'

This effect may be modeled in the DYNAMO system by the following

equation:

BEPIK.K~TABLE (TBPIK,PPC.K) - Eq. 4

BEPIK--Benaficial Effect on Productivity due to
Inereased Know-how (percent)

TABLE--a DYNAMO notatlon which indicateg that a
TABLE of constants will be provided for
determining the value of BEPIK as-a func-
tion of PPC

TBPIK--Table of constants, for Benefits to Pro-
ductivity due 1o Increased Know-how

o ‘ \ (constante have dimension of percent)
, _ . PPC --Percent of Project Campleted (percent)
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The [inel equntion to be speciticd is the representation of RPEVE,
uged- in Equntion 2, the Relative Productivity of Engineers actunlly Working
at the Firm, This concept aitemntg to take considerntion of the faci that

the engineer's direat project brcﬂuctivity will te affected by his train-

. ing, other ceanpany activities, and percent of time on the job. Equation

5 thua distinguiahés among the eugincers who are fully experienced, those
in treining, those doing the iraining and supervision, and those being
tranaferced from the job, and reco&nizea a different average productivity

for each type of gituation.

~

RPEWF . K»(PWAW) (_(ENI'IF.H) (PRIT)4-(ENATF.K)} (PRAT) +

(ENBTF.X ) (PREBT ) + (ENFEF . K} (NPREF S}
Eq. 9

RPEWF--Rolative Productivity of Engineers actually
Working at the Fimm (effective maun-months
of effort/month)
AW --Parcent of Workers Actually at Work (percent)
ENTiF~-ENgineera In Training at the Fim (men)
PRIT' -~PRoductivity of engineers In Training
~ (months of effective effort/months of work)
ENAFT--ENgineers Assigned as Trainers and super-
~ visgors at the Firm (men)
PRAT "-~FRoductivity of engineers Assigned as
Trainers (months of effective offort/ -
month of work)
ENBTF--%Ng;neera Peing Transferred by -the Fim
men)
PREBT-~PRoductivity of hngmcers Being Trensferred
(months of effective effort/menth of work)
ENFEF--ENgineers Fully Experienced at the Firm (men)
NPREF--Normal PRoductivity of Engineers at the Firm
(months of effective effort/month of work)

A1l the conatanta indicated in the equation (PWAW, PRIT, PRAT, PREBT, and

NFREF) are defined By a set of values prior to each model simulation,
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Choanging the congiant values Ja lifferent runs permits simulation testing
of the relative mns_itivity of project results te sueh productivity factors.

Inny" other acpect of the research and develeopment model con be speci-
ficd Ly a sxixpﬂ.nr set of equations, plus the necessary constanis.  Mo-
tivaLional. Lectors, pize of group effecta, or other f:elicved influences
UKo engineering produetiviiy could ainilarly be added o the ginpla

productivity model defined above,



